Introduction {#s1}
============

In all mammals, the lateral geniculate nucleus (LGN) receives direct input from retinal ganglion cells and relays those signals to primary visual cortex (V1). Anatomical and physiological studies have identified three classes of relay cells in several species, called parvocellular (P), magnocellular (M), and koniocellular (K) cells in primates (Kaas et al., [@B29]; Irvin et al., [@B24]), and X, Y, and W cells in other mammals (Enroth-Cugell and Robson, [@B10]; Stone and Fukuda, [@B43]; Stone, [@B42]; Holdefer and Norton, [@B22]; Van Hooser et al., [@B47]).

Previous studies have found that these three LGN cell classes exhibit common patterns of protein expression. In primates and the tree shrew, K/W cells express the calcium-binding protein calbindin (Jones and Hendry, [@B27]; Diamond et al., [@B9]; Johnson and Casagrande, [@B26]), while P and M cells (in primates) and X and Y cells (in tree shrew) express the calcium-binding protein parvalbumin (Jones and Hendry, [@B27]; Johnson and Casagrande, [@B26]). In addition, cat Y cells possess a non-phosphorylated epitope of the protein neurofilament H that is recognized by the antibody SMI-32 (Bickford et al., [@B2]). SMI-32 labels M cells more strongly than P cells in old world and new world primates (Gutierrez et al., [@B14]; Bickford et al., [@B2]; Soares et al., [@B40]), and both cat Y and monkey M cells are stained by *Wisteria floribunda* agglutinin (WFA), a plant lectin that targets chondroitin sulfate proteoglycans (CSPGs) (Preuss et al., [@B34]; Gray et al., [@B12]; Bickford et al., [@B3]). These results raise the possibility that there may be a typical mammalian plan for LGN cell protein expression: K/W cells express calbindin, P/M/X/Y cells express parvalbumin, and M/Y cells express targets of SMI-32 and WFA.

However, LGN protein expression patterns in some species differ from this putative framework. In cat, only GABAergic interneurons express parvalbumin (Demeulemeester et al., [@B8]), and parvalbumin expression is not found at all in rat and mouse LGN (Celio, [@B5]; Arai et al., [@B1]; Okoyama and Moriizumi, [@B33]; Grubb and Thompson, [@B13]). Cat Y cells express a non-glycosylated epitope on the CSPG aggrecan that is labeled by the antibody Cat-301 (Hockfield and Sur, [@B21]). Cat-301 also labels M cells more strongly than P cells in old world monkeys (Hendry et al., [@B18]), but Cat-301 staining is absent in new world monkeys and murid rodents (Hendry et al., [@B19]; Preuss et al., [@B34]; Gray et al., [@B12]). It is unclear if these cross species differences in LGN cell protein expression represent special cases that deviate from a typical mammalian pattern, or if LGN cell protein expression is simply highly variable.

To gain further insight into protein expression patterns in LGN neuron classes across species, we examined protein expression in LGN of a highly visual arboreal rodent, the gray squirrel. Among rodents, the squirrel is especially well suited to shed light on protein expression patterns of the three principle visual processing streams. Unlike LGN in murid rodents, squirrel LGN is organized into five well-defined layers, labeled 1, 2, 3a, 3b, and 3c (Kaas et al., [@B28]; Robson and Hall, [@B35]). In addition, the laminar organization of the three major LGN cell classes has been characterized physiologically: X-like cells are found in layers 1 and 2, while Y-like and W-like cells are found in layers 3abc (Van Hooser et al., [@B47]).

We observed calbindin expression in relay cells in layers 3abc but not in layers 1 and 2. This result is consistent with the idea that calbindin is a marker for W/K cells in most if not all mammals. Parvalbumin expression was strongest in layers 1 and 2 and was also found in layers 3abc; however, only about half of cells in these layers exhibited parvalbumin expression. Several additional proteins that are found only in specific neurons or layers in the LGN of other mammals were not present in squirrel or did not show differences across layers. Cat-301 staining was absent in squirrel LGN, and while WFA and SMI-32 labeling was present, it did not vary across the LGN layers. Our results suggest that, with the exception of calbindin, protein expression varies considerably across LGN cell classes from different mammalian species.

Materials and methods {#s2}
=====================

Animals
-------

Seven adult gray squirrels (*Sciurus carolinensis*), of both sexes, were trapped locally. After spraying to remove fleas and ticks (Adams Flea and Tick Mist, Memphis, TN), the animals were housed with food and water up to one week before tissue collection. Six of the animals were first used for *in vivo* electrophysiological recordings (Heimel et al., [@B17]; Van Hooser et al., [@B46]) or given retrograde tracer injections for a separate study, described previously (Van Hooser et al., [@B45]). All procedures were approved by the animal care and use committee at Brandeis University.

Retrograde tracer injections
----------------------------

A 1.5×1.5 mm craniotomy was made over the monocular region of V1, at locations 3--5 mm lateral from the midline and 6--12 mm posterior from bregma. Glass pipettes filled with 1--2 μL of red latex microspheres (LumaFluor, Naples, FL) were inserted into the brain through the intact dura to depths ranging from 400--1400 μm, and 0.2--0.5 μL was pressure-injected by a PicoSpritzer II (General Valve, Fairfield, NJ). Pipettes were kept in place for 10 min and then removed. The skin was sutured and the animal was allowed to recover on a heated blanket. A complete analysis of data from these cortical injections has been performed for a separate study by Van Hooser et al. ([@B45]), and three representative cortical injections are shown in Figures [1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"} of that report.

![**The arrangement of the five layers of the lateral geniculate nucleus in gray squirrel.** Layers 1, 3a, and 3c receive input from the contralateral retina (white area) and layers 2 and 3b receive input from the ipsilateral retina (black area). The plane of section extends from medial-anterior to lateral-posterior through the nucleus (oblique orientation).](fnana-06-00012-g0001){#F1}

Tissue preparation
------------------

After 1--2 days of survival post-injection or at the conclusion of an electrophysiology experiment, the animal was given a large dose of ketamine/acepromazine maleate or sodium thiopental and transcardially perfused with 0.1 M phosphate buffer (PB) or 0.9% saline, followed by 4% paraformaldehyde in 0.1 M PB. After its removal, the brain was stored in 4% paraformaldehyde in 0.1 M PB at 4°C.

In animals used for electrophysiology, only brain regions not involved in the recordings were selected. Each hemisphere was transferred to 30% sucrose in 0.1 M PB at 4°C and allowed to sink completely, blocked in 4% agar and cut into 3--5 mm blocks in the coronal plane. After removal of the hardened agar, the blocks were covered with TissueTek OTC compound (Sakura, Torrance, CA) and flash frozen in a slurry of dry ice and isopentane (−20°C) for 30--60 s.

Serial 30--50 μm-thick coronal sections were cut on a Leica CM3050 cryostat (Leica, Nussloch, Germany) and transferred to either 0.1 M PB for immunohistochemistry or 0.1 M Tris-buffered saline (TBS; pH 7.3) for lectin histochemistry.

Immunohistochemistry
--------------------

At 40 μm-thick for chromogenic visualization and 30 μm-thick for fluorescence visualization, sets of adjacent sections were probed for parvalbumin, calbindin, and Cat-301 immunoreactivity. At regular intervals through the brain, sections were analyzed for cytoarchitecture---in single-labeling experiments every fourth section was mounted for later Nissl staining, and in fluorescence double-labeling experiments every third section was processed with mouse anti-neuronal-specific nuclear protein (NeuN; clone A60; MAB377, Chemicon International, Temecula, CA; prepared against purified cell nuclei from mouse brain).

Floating sections were first washed three times in 0.1 M PB. Permeabilization of the parvalbumin and calbindin sections was accomplished by incubation in 0.26% Trypsin in 0.1 M PB for 10 min at 37.5°C, followed by three additional rinses in 0.1 M PB. Endogenous peroxidase was quenched in the parvalbumin and calbindin sections with a solution of 1% hydrogen peroxide and 10% methanol in 0.1 M PB for 5 min, and in the Cat-301 sections with 1% hydrogen peroxide in 0.1 M PB for 5 min. After three rinses in 0.1 M PB, non-specific secondary antibody binding to the parvalbumin and calbindin sections was blocked with a solution of 10% normal goat serum (NGS; normal serum from the same species in which the secondary antibody was raised) in 0.1 M PB for 1 h; the solution for the Cat-301 sections also included 0.1% Triton X-100 for permeabilization. Triton X-100 was not applied to the parvalbumin and calbindin sections in these experiments because these sections were already well-permeabilized by the initial Trypsin incubation.

Sections were next incubated with primary antibody. Mouse anti-calbindin-D28K monoclonal IgG~1~ antibody (clone CL-300; ab9481, Abcam, Cambridge, MA; raised against purified Calbindin-D28K from chicken gut) was used at a dilution of 1:500, mouse anti-parvalbumin monoclonal IgG~1~ antibody (MAB1572, Chemicon International, Temecula, CA; lot 24040065; raised against parvalbumin purified from frog muscle; antibody is directed against an epitope at the first calcium-binding site and specifically stains the calcium-bound form of parvalbumin) was used at a dilution of 1:1000 (Diamond et al., [@B9]), and rabbit anti-parvalbumin polyclonal antibody (AB9312, Chemicon International, Temecula, CA; lot 0512016903; raised against rat muscle parvalbumin; antibody recognizes the calcium-bound and calcium-free forms of parvalbumin) was diluted to 1:500 with anti-calbindin in double-labeling experiments. For these primary antibodies dilutions were in 1% NGS in 0.1 M PB, for overnight incubation at 4°C. The same incubation conditions also applied to anti-NeuN sections, where the primary antibody dilution was 1:2000. Mouse anti-CSPG (brain) core protein monoclonal IgG~1~ antibody (clone Cat-301; MAB5284, Chemicon International, Temecula, CA; lot numbers 24070031, 24020644, 23040365; raised against fixed feline spinal cord gray matter) was used at a dilution of 1:3300, with 1% NGS and 0.1% Triton X-100 in 0.1 M PB for overnight incubation at 4°C.

After 3--6 rinses in 0.1 M PB, sections were transferred to incubation in a biotinylated secondary antibody, a fluorophore-conjugated secondary antibody, or a pair of fluorophore-conjugated secondary antibodies in 0.1 M PB for 1--2 h at room temperature. In single-immunolabeling experiments, biotinylated goat anti-mouse IgG (H + L chains; BA-9200, Vector Laboratories, Burlingame, CA) was diluted to 1:50 for calbindin and parvalbumin sections and to 1:1000 with 0.1% Triton X-100 for Cat-301 sections. For fluorescence double-labeling with the red retrograde tracer and either mouse anti-calbindin or mouse anti-parvalbumin, AlexaFluor488 goat anti-mouse IgG (H + L chains; A-11001, Invitrogen Corporation, Carlsbad, CA) was used at a 1:250 dilution with 5% NGS. The secondary antibody solution for fluorescence double-immunolabeling for calbindin and parvalbumin also included Texas Red goat anti-rabbit IgG (H + L chains; T-2767, Invitrogen Corporation, Carlsbad, CA) at a dilution of 1:1000. NeuN sections were incubated in a 1:400 dilution of AlexaFluor488 goat anti-mouse with 5% NGS.

All sections were then rinsed six times in 0.1 M PB, and those with fluorophore-conjugated secondary antibodies were mounted on glass slides and coverslipped with Fluoromount-G (0100--01, Southern Biotechnology Associates, Birmingham, AL) mounting medium. Sections with biotinylated secondary antibodies were further incubated in avidin: biotinylated peroxidase complex (ABC; VECTASTAIN Elite ABC Kit (Standard), PK-6100, Vector Laboratories, Burlingame, CA) for 90 min, and after thorough rinsing, in hydrogen peroxide and 3,3′-diaminobenizidine (DAB; DAB Substrate Kit, SK-4100, Vector Laboratories, Burlingame, CA) for 5 min. Reagents in the ABC and DAB solutions were used at the concentrations specified by the manufacturer. After rinsing in double-distilled water, the sections were mounted on slides and coverslipped with Fluoromount-G.

Antibody characterization
-------------------------

We have chosen these primary antibodies from these manufacturers because they identify specific subclasses of neurons in a variety of other species. These calbindin, parvalbumin, and Cat-301 antibodies, from the same manufacturers, have been used in numerous comparative studies in LGN in carnivores, primates, rodents, and tree shrews, with specific studies cited in the discussion. The specificity of calbindin immunolabeling is supported by the close similarity between the pattern of neuroanatomical localization observed in our experiments and that described in preliminary experiments reported by Rodman and colleagues (Rodman and Dieguez, [@B36]). The specificity of parvalbumin immunolabeling, with both the mouse monoclonal and rabbit polyclonal antibodies, is demonstrated by the complete overlap between their immunofluorescence signals when these two primary antisera are used in double-labeling experiments and visualized with secondary antibodies that have separate excitation and emission spectra (data not shown).

SMI-32 immunohistochemistry
---------------------------

Data on SMI-32 immunohistochemistry was obtained from sections processed by the Kaas Laboratory at Vanderbilt University, for a separate study reported elsewhere (Wong and Kaas, [@B51]), and kindly provided for us to examine. Briefly, animals were transcardially perfused first with 0.9% saline, then with 4% paraformaldehyde in 0.1 M PB, and finally with 4% paraformaldehyde and 10% sucrose in 0.1 M PB. After cryoprotection in 30% sucrose, 40 μm-thick sections were cut on a freezing microtome. Immunohistochemical processing began with blocking for 1 h in a solution of 5% normal horse serum and 0.5% Triton X-100 in 0.1 M PB (pH 7.2), at room temperature. Sections were then transferred to incubation in mouse anti-SMI-32 monoclonal antibody (Covance, Princeton, NJ; specific to a non-phosphorylated epitope on 200kDa Neurofilament-H), diluted 1:2000 in the blocking solution above, for 40--48 h at 4°C. Following rinses, sections entered secondary antibody incubation with biotinylated horse anti-mouse IgG, diluted 1:90 in the same blocker solution, for 90 min at room temperature. After a subsequent 90 min incubation in ABC solution, also a room temperature, visualization of SMI-32 immunoreactivity was achieved with the diaminobenzidine reaction, with 0.03% nickel ammonium sulfate.

Lectin histochemistry
---------------------

Lectin histochemistry was based on the methods of Preuss et al. ([@B34]). 50 μm-thick sections were assayed for binding of WFA, a plant lectin, and alternate 50 μm-thick sections were mounted for later Nissl staining. The floating sections were washed three times in 0.1 M TBS (pH 7.3) and then incubated in a solution of 0.1% hydrogen peroxide, 2% bovine serum albumin, and 0.3% Triton X-100 in 0.1 M TBS for 30 min to quench endogenous peroxidase and block non-specific binding. Sections were immediately transferred to an incubation in 0.002% biotinylated-WFA (L1766, Sigma Chemical Co., St. Louis, MO) and 1% bovine serum albumin in 0.1 M TBS for 48 h at 4°C. The sections were rinsed three times in 0.1 M TBS and then incubated in ABC for 90 min. Following three rinses in 0.1 M TBS, the sections were moved to DAB for visualization. After three additional rinses in 0.1 M TBS, the sections were mounted on glass slides and coverslipped with Fluoromount-G.

Histology
---------

Sections mounted for Nissl staining were dried overnight in a 55°C oven. Sections were then run through a dehydration sequence of 25, 50, 75, 95, 100, and 100% ethanol for 15 min each, 2 xylenes washes for 15 min each to remove the ethanol, and a rehydration sequence of 100, 100, 95, 70, 50, and 0% ethanol for 15 min each. Next, sections were stained with cresyl violet for 40 min, followed by color differentiation in 70% ethanol for 15--30 s, xylenes for 1 min, and coverslipping with DPX mounting medium (44581, Fluka BioChemika, Buchs, Switzerland).

Data from images
----------------

Quantification of double-labeling patterns began with fluorescence signal detection and recording on a Leica TCS SP2 confocal scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany). At 10X magnification, four line scans were averaged to record the red and green fluorescent channels into *z*-stacks of optical sections through the tissue, with ∼2.5 μm between each section in the stack. Maximum projections of the *z*-stacks were compiled in GIMP (GNU Image Manipulation Program). For double-labeling experiments with the red retrograde tracer, both channels\' maximum projection images only included *z*-sections from positions in the stack where strong anti-calbindin or anti-parvalbumin signal was detectable. For double-labeling between anti-calbindin and anti-parvalbumin, the entire *z*-stack was compiled into the maximum projection image.

Overlap between the red and green channels was evaluated using the maximum projection images. An overlay between the red and green maximum projections was created in Adobe Illustrator (Adobe Systems Incorporated, San Jose, CA) and populations of single- and double-labeled cells were marked and counted. Double-labeling was confirmed by examining co-localization patterns in pairs of red and green fluorescent *z*-sections from identical positions in the respective stacks. To determine what percentage of projection neurons were immunoreactive for either calbindin or parvalbumin in each LGN layer, tracer-positive neurons in that layer were marked and immunopositive cells within that population were then identified. For a given LGN layer, sections throughout the extent of LGN were examined to identify those that contained retrogradely labeled relay cells, and all confocal *z*-sections containing a tracer-positive neuron were included in the image stack for analysis. Because the cortical injections of latex microspheres were performed at a single location on the cortical surface, we expected to label only those relay cells that projected to this single cortical location. As expected, the population of retrogradely labeled neurons formed a well-defined cluster in each of the layers examined. To assess overlap between calbindin and parvalbumin immunoreactivity, all members of both populations were marked and the number of double-labeled cells was expressed as a percentage of all immunoreactive cells.

Results {#s3}
=======

Our objective was to compare the localization of cells positive for each of several putative cell-type markers across the five laminae of the squirrel\'s LGN. As seen in Figure [1](#F1){ref-type="fig"}, layers 1, 2, 3a, 3b, and 3c are arranged in rostromedial to caudolateral order through the nucleus, with layer 1 at the rostromedial pole of the LGN and layer 3c at the caudolateral pole. Inputs from ipsilateral and contralateral retinal ganglion cells alternate between layers, such that layers 1, 3a, and 3c receive innervation from the contralateral retina and layers 2 and 3b receive innervation from the ipsilateral retina. As in other mammals, the left and right LGN convey information from their respective contralateral visual hemifields; the binocular region of both hemifields is 30° in squirrel (Kaas et al., [@B28]).

We labeled sections of gray squirrel thalamus and cortex with antibodies against two calcium-binding proteins, calbindin and parvalbumin, and one CSPG of the extracellular matrix, aggrecan, at the Cat-301--specific epitope on its polypeptide core (Matthews et al., [@B32]). We also used a plant lectin, WFA, to target the amino sugar *N*-acetylgalactosamine, one component of the disaccharide repeat that forms the characteristic chondroitin sulfate glycosaminoglycan (GAG) chains of all CSPGs. Peiyan Wong and Jon Kaas provided sections labeled with the antibody SMI-32, which is specific for a non-phosphorylated epitope on Neurofilament H. In some brains we labeled geniculocortical projection neurons with retrograde tracer injections into V1.

Calcium-binding proteins: calbindin and parvalbumin
---------------------------------------------------

These target proteins demonstrate a distinct neuroanatomical compartmentalization across LGN layers 1, 2, and 3. Figure [2A](#F2){ref-type="fig"} shows a coronal section through the LGN that is Nissl-stained to reveal all cell bodies and their laminar organization (Kaas et al., [@B28]). A comparison between this cytoarchitecture and Figure [2B](#F2){ref-type="fig"} indicates that the single, discreet band of calbindin immunoreactivity along the lateral border of the LGN, adjacent to the optic tract, maps onto layer 3 while the central and medial regions of the LGN that almost entirely lack calbindin immunoreactivity are layers 2 and 1, respectively. In Figures [2D1--2](#F2){ref-type="fig"}, high-magnification images of layers 1, 2, and 3 from the section in Figure [2B](#F2){ref-type="fig"} confirm that anti-calbindin labels a relatively uniform population of cells, as well as the neuropil, in layer 3 (Figure [2D3](#F2){ref-type="fig"}). These images also confirm almost a complete absence of anti-calbindin binding in layer 1 (Figure [2D1](#F2){ref-type="fig"}) and layer 2 (Figure [2D2](#F2){ref-type="fig"}).

![**Calbindin-positive cells and parvalbumin-positive cells across the three laminae in squirrel lateral geniculate nucleus (LGN). (A)** Coronal Nissl section through LGN, with numbers indicating the laminar cytoarchitecture. **(B)** Calbindin immunoreactivity is strongest adjacent to the optic tract, in layer 3. **(C)** Parvalbumin immunoreactivity is found in all layers, but is heaviest in layers 1 and 2. *Scalebar* = 1 mm. **(D)** Detailed images of the calbindin-labeled section **(B)** reveal cell-specific calbindin label in layer 3 (**D3**), but very little label in layer 1 **(D1)**, and layer 2 **(D2)**. *Scalebar* = 0.1 mm. **(E)** Higher magnification images of the parvalbumin-labeled section **(C)** show that parvalbumin-positive cells are denser in layer 1 **(E1)** and layer 2 **(E2)** than they are in layer 3 **(E3)**. *Scalebar* = 0.1 mm.](fnana-06-00012-g0002){#F2}

Inspection of an adjacent section for the neuroanatomic localization of parvalbumin immunolabeling reveals that the laminar distribution of this staining pattern is quite different from the laminar distribution of calbindin immunoreactivity. With respect to the sub-nuclear structures seen in the Nissl stain (Figure [2A](#F2){ref-type="fig"}), Figure [2C](#F2){ref-type="fig"} indicates that parvalbumin immunoreactivity is most intense in the regions that correspond to layers 1 and 2, and is especially heavy across the ventral extent of layer 1 and at the lateral border of layer 2. At present, there is not thought to be any sublaminar organization in layer 2, but the dense parvalbumin staining at the lateral border of layer 2 raises this possibility. High-magnification views of layers 1, 2, and 3 (Figures [2E1--3](#F2){ref-type="fig"}) from the section above (Figure [2C](#F2){ref-type="fig"}) confirm that anti-parvalbumin localizes to cells and neuropil throughout the LGN, but that labeled cells are more dense in layer 1 (Figure [2E1](#F2){ref-type="fig"}) and layer 2 (Figure [2E2](#F2){ref-type="fig"}) than in layer 3 (Figure [2E3](#F2){ref-type="fig"}).

To determine whether the cells immunoreactive for the two calcium-binding proteins are relay cells, we labeled geniculocortical projection neurons by injecting red fluorescent latex microspheres, a retrograde tracer, into primary visual cortex, and looked for green fluorescence immunolabeling of tracer-positive cell somata in the LGN. Calbindin immunolabeling, detected here with the green fluorescent secondary antibody, is nearly absent in layers 1 and 2 (not shown) but clearly labels cells in layer 3 (Figure [3B](#F3){ref-type="fig"}). This localization is very similar to the result achieved with chromogenic visualization in Figures [2B, D1--3](#F2){ref-type="fig"}. When the green immunofluorescence signal is merged with the red fluorescent signal from the tracer in Figure [3C1](#F3){ref-type="fig"}, the overlay image reveals that a subset of retrogradely labeled projection neurons in layer 3 shows immunoreactivity for calbindin. The panels depicting parvalbumin immunoreactivity across the three layers (Figures [3B2--4](#F3){ref-type="fig"}) also recall the initial results of chromogenic visualization (Figures [2C, E1--3](#F2){ref-type="fig"}), such that parvalbumin immunopositive cells are more numerous in layers 1 (Figure [3B2](#F3){ref-type="fig"}) and 2 (Figure [3B3](#F3){ref-type="fig"}) than in layer 3 (Figure [3B2](#F3){ref-type="fig"}). In the row of merged images (Figures [3C2--4](#F3){ref-type="fig"}), in each layer we see that parvalbumin immunoreactivity occurs in some, but not all, geniculocortical projection neurons.

![**Calbindin immunoreactivity identifies a subset of projection neurons in LGN layer 3, and parvalbumin immunoreactivity identifies a subset of projection neurons in LGN layers 1, 2, and 3.** Projection neurons retrogradely labeled by the latex microsphere injections into primary visual cortex are visible in all three laminae (**A1--2**; *forked arrowheads*). Calbindin immunolabeling characterizes layer 3 (**B1**; *narrow arrowheads*); this result is consistent with the laminar distribution seen in Figure [2D1--3](#F2){ref-type="fig"}. The merged image panel (**C1**) shows that layer 3 contains a subset of retrogradely labeled cells that is calbindin immunopositive. Parvalbumin immunoreactivity across the three layers (**B2--4**) exhibits the same pattern as in Figure [2E1--3](#F2){ref-type="fig"}, being more dense in layers 1 **(B2)** and 2 **(B3)** than in layer 3 **(B4)**. *Wide arrowheads* indicate examples of parvalbumin immunoreactive cells. In each layer, the merged image panels **(C2, C3,** and **C4)** confirm that a subset of retrogradely labeled projection neurons is parvalbumin immunoreactive. *Scalebar* = 200 um.](fnana-06-00012-g0003){#F3}

We quantified the extent of calbindin single-labeling and parvalbumin single-labeling among the geniculocortical relay cells in each layer by identifying all retrogradely labeled neurons and then calculating the percentage of this sample that was both tracer- and immunopositive. As seen in Figure [4](#F4){ref-type="fig"}, calbindin immunoreactivity is present in zero of 276 projection neurons (0%) in layers 1 and 2, whereas 85 of 186 layer 3 projection neurons (45.7%) are calbindin immunoreactive. Parvalbumin immunoreactivity in layers 1, 2, and 3 exists in 28 of 59 (47.5%), 23 of 43 (53.5%), and 34 of 55 (61.8%) projection neurons, respectively.

![**For retrogradely labeled cells in each layer, the gray column represents the proportion that is single-labeled by anti-calbindin and the black column represents the proportion that is single-labeled by anti-parvalbumin**.](fnana-06-00012-g0004){#F4}

The percentage of retrogradely labeled projection neurons in layer 3 that are immunopositive for either calbindin or parvalbumin is close to 100%, raising the possibility that a population of layer 3 projection neurons expresses either calbindin or parvalbumin but not both. To examine this potential scenario, we performed a double-labeling experiment to see what fraction of LGN cells might co-express calbindin and parvalbumin. The top two panels in Figure [5](#F5){ref-type="fig"} are images taken of the same region of tissue in layer 3--the top left panel shows immunolabeling of calbindin with a green fluorescent secondary antibody and the top right panel shows immunolabeling of parvalbumin with a red fluorescent secondary antibody. The polyclonal antibody against parvalbumin in these experiments yields a distribution of immunoreactivity that matches the pattern given by the monoclonal IgG~1~ in single-immunolabeling experiments (data not shown). At the bottom left of Figure [5](#F5){ref-type="fig"}, a merged view of the two fluorescent channels reveals that while some cells are immunopositive for only one of the two calcium-binding proteins, others are immunopositive for both. The graph at the bottom right gives the percentage of all immunopositive cells, in each layer, that is double-labeled for calbindin and parvalbumin. The last column shows that in layer 3, 144 of all 566 immunopositive cells (34.1%) are double-labeled. The few calbindin immunopositive cells seen in layers 1 and 2 were also included in the parvalbumin-positive population. These results suggest that it is possible for LGN cells to express both calbindin and parvalbumin. However, because this experiment was not performed on identified relay cells, the question of whether relay cells express both proteins remains unanswered.

![**Partial co-localization between calbindin immunolabeling and parvalbumin immunolabeling in LGN layer 3. Top left:** Calbindin immunoreactivity in squirrel LGN localizes to layer 3. *Narrow arrowheads* indicate calbindin immunoreactive cells. **Top right:** Parvalbumin immunoreactivity is also present in layer 3. *Wide arrowheads* indicate parvalbumin immunopositive cells. **Bottom left**: The merged image from layer 3 shows some cells that are immunopositive for calbindin alone or for parvalbumin alone and other cells that are immunoreactive to both antibodies. **Bottom right**: Columns for each layer represent the proportion of all cells immunoreactive for either mouse anti-calbindin or rabbit anti-parvalbumin that are positive for both antibodies. In layers 1 and 2, the few detectable calbindin immunopositive cells were also immunopositive for parvalbumin.](fnana-06-00012-g0005){#F5}

Extracellular matrix proteins: aggrecan and other CSPGs
-------------------------------------------------------

The monoclonal antibody Cat-301, which targets the protein core of the CSPG aggrecan, fails to label cells in the LGN, although diffuse neuropil label is evident (data not shown).

Cat-301 is also ineffective as a selective marker of cells in the M layers of squirrel monkey LGN (Preuss et al., [@B34]; Gray et al., [@B12]). But because other laboratories have found that the plant lectin WFA, which recognizes the *N*-acetylgalactosamine sugar residue within CSPG GAG chains, binds with high selectivity to the extracellular matrices of cells in the same M layers of squirrel monkey LGN (Gray et al., [@B12]; Preuss et al., [@B34]), we wanted to test whether WFA also serves as an alternative cell-type-specific marker in the early visual system of gray squirrel. As shown in Figure [6A](#F6){ref-type="fig"}, WFA application produces uniform neuropil label, but not cell-specific label, in the LGN. This result closely resembles the pattern of Cat-301 labeling in this thalamic nucleus. In contrast, the presence of dark, WFA-positive cells in visual cortex (Figure [6B](#F6){ref-type="fig"}) demonstrates that this plant lectin does indeed recognize some particular population of cells in gray squirrel brain.

![**WFA does not label a population of relay cells in gray squirrel LGN. (A)** WFA binding in the LGN is diffuse and does not identify individual cells. Scalebar = 1 mm. **(B)** WFA identifies discreet cells in primary visual cortex. Scalebar = 1 mm.](fnana-06-00012-g0006){#F6}

Neurofilament H
---------------

We were given the opportunity to inspect gray squirrel tissue labeled with SMI-32, generously provided by Jon Kaas and Peiyan Wong (Wong and Kaas, [@B51]). An examination of this tissue revealed that SMI-32 immunolabeling is evenly distributed across the three LGN laminae, as shown in Figure [7A](#F7){ref-type="fig"}. Higher magnification views (Figures [7B1--3](#F7){ref-type="fig"}) show that each layer contains both immunoreactive cell bodies and immunoreactive neuropil.

![**SMI-32 immunoreactivity labels both cell bodies and neuropil throughout the laminae of gray squirrel LGN. (A)** Uniform SMI-32 labeling across LGN laminae. *Scalebar* = 1 mm. **(B1--3)** Higher-magnification views of SMI-32 immunoreactive cell bodies and processes in layer 1 **(B1)**, layer 2 **(B2)**, and layer 3 **(B3)**. *Scalebar* = 0.1 mm.](fnana-06-00012-g0007){#F7}

Discussion {#s4}
==========

In a previous study, we examined receptive field properties of squirrel LGN cells as summarized in Table [1](#T1){ref-type="table"} (Van Hooser et al., [@B47]). In electrode penetrations, we were struck by the homogeneity of cells in layers 1/2: nearly all cells exhibited sustained responses to constant visual stimulation, center-surround receptive field organization, and reliable, highly stereotyped responses from trial to trial. We called these cells X-like cells because they were reminiscent of X cells in carnivores and rodents. Cells in layers 3abc were more heterogeneous. Most cells exhibited transient responses to constant stimulation, but only a subset, called Y-like cells, displayed a clear center-surround organization and reliable responses with short latencies. Other cells lacked a center-surround organization, had long response latencies, or exhibited unreliable or highly variable responses from trial to trial. Cells from any layer that exhibited these more unusual properties were called W-like cells because of their similarity to the heterogeneous W cell group in cats, tree shrews, and prosimians, and to the K group in primates (Stone and Fukuda, [@B43]; Stone, [@B42]; Irvin et al., [@B24]; Hendry and Reid, [@B20]).

###### 

**Relationships among protein expression and receptive field properties in squirrel LGN**.

                                                              **Layers 1 + 2**                           **Layer 3**
  ----------------------------------------------------------- ------------------------------------------ ------------------------------------
  **PROTEIN EXPRESSION**                                                                                 
  Parvalbumin (%)                                             50.5[^†^](#TN1){ref-type="table-fn"}       61.8
  Calbindin (%)                                               0                                          45.7
  SMI-32                                                      Large and small cells, neuropil labeling   
  WFA                                                         Uniform neuropil labeling                  
  Cat-301                                                     No label                                   No label
  **RECEPTIVE FIELD PROPERTIES**                                                                         
  Sustained response (%)                                      80                                         20
  Center-surround RF (%)                                      96                                         67
  ON-center (%)                                               47                                         40
  OFF-center (%)                                              53                                         60
  Latency \< 40 ms (%)                                        99                                         62
  Response CV \< 1 (%)                                        89                                         49
  **CELL CLASSES AS DEFINED BY Van Hooser et al. ([@B47])**                                              
  X-like (%)                                                  88                                         0[^\*^](#TN2){ref-type="table-fn"}
  Y-like (%)                                                  0[^\*^](#TN2){ref-type="table-fn"}         39
  W-like (%)                                                  12                                         61

It is likely that most or all W-like cells express calbindin, but it remains unclear if parvalbumin labels a particular cell class. The percentage of neurons expressing parvalbumin is similar to the percentage of X-like or Y-like cells exhibiting ON or OFF receptive fields. Sustained response means cell gave significant response in window 300--350 ms after initial latency. Center-surround organization means cell had a suppressive surround. ON-center and OFF-center indicate whether the receptive field center preferred light increments or light decrements, respectively. Response CV is the coefficient of variation of the peak response, and this measure is less than 1 for cells that respond reliably to visual stimulation.

Calculated from 47.5% of relay cells in layer 1 and 53.5% of relay cells in layer 2.

X-like and Y-like cells exist in separate layers by definition Van Hooser et al. ([@B47]).

There are now several lines of evidence to suggest that calbindin is a marker for at least some, if not all, W-like cells in the squirrel and in other species of Boreoeutheria, the branch of placental mammals that includes primates, carnivores, lagomorphs, and rodents, and which has been the focus of comparative studies of visual physiology. We observed strong calbindin expression among identified relay cells in layers 3abc, which is where the vast majority of W-like cells were found in our previous study of receptive field properties. As in squirrel, in other species examined the W-like or K cells receive projections from both retina and superior colliculus (Robson and Hall, [@B35]; Harting et al., [@B16]), project to superficial V1 (Leventhal, [@B30]; Fitzpatrick et al., [@B11]; Harting and Huerta, [@B15]; Conley et al., [@B7]; Usrey et al., [@B44]), and make smaller projections to extrastriate visual cortex (Rodman et al., [@B37]; Rodman and Dieguez, [@B36]; Sincich et al., [@B39]). By all of these anatomical criteria, W-like cells reside in layers 3abc in squirrel. In several mammalian species where W/K cells are restricted to discrete layers, such as in bush baby (Johnson and Casagrande, [@B26]), tree shrew (Diamond et al., [@B9]), and macaque (Jones and Hendry, [@B27]), these cells express calbindin and not parvalbumin (see Table [2](#T2){ref-type="table"}). The LGN in the mouse is not well laminated, but nevertheless calbindin expression is present in cells located near to the optic tract, a common anatomical location for W/K cells in the other mammalian species from which there are data (Grubb and Thompson, [@B13]). Finally, one preliminary study in California ground squirrel identified a population of W/K cells in layers 3a and 3c by retrogradely labeling cells that project to extrastriate cortex. In double-labeling experiments, these W/K cells expressed calbindin (Rodman and Dieguez, [@B36]). In all examined species, W/K cells share afferent and efferent projection patterns, receptive field properties, and express calbindin, consistent with the idea that the W/K cells are homologous across Boreoeutherian mammals.

###### 

**Comparative analysis of putative cell-type marker proteins in the mammalian LGN**.

                   **Calbindin**                                                                                                                       **Parvalbumin**                                                                                              **Cat-301**                                                                                                                                                          **WFA**                                                                                                  **SMI32**
  ---------------- ----------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  **Squirrel**     Relay cells in layer 3[^a^](#TN3){ref-type="table-fn"}                                                                              Relay cells in layers 1/2/3[^a^](#TN3){ref-type="table-fn"}                                                  None[^a^](#TN3){ref-type="table-fn"}                                                                                                                                 Neuropil in layers 1/2/3[^a^](#TN3){ref-type="table-fn"}                                                 Large and small cells in layers 1/2/3[^a^](#TN3){ref-type="table-fn"}
  **Mouse**        Dorsolateral cells[^b^](#TN4){ref-type="table-fn"}                                                                                  None[^b^](#TN4){ref-type="table-fn"}                                                                         \[No data\]                                                                                                                                                          \[No data\]                                                                                              Cell-specific labeling[^c^](#TN5){ref-type="table-fn"}
  **Rat**          Dorsolateral cells[^d^](#TN6){ref-type="table-fn"}^,^[^e^](#TN7){ref-type="table-fn"}                                               None[^d^](#TN6){ref-type="table-fn"}^,^[^e^](#TN7){ref-type="table-fn"}                                      None[^f^](#TN8){ref-type="table-fn"}                                                                                                                                 None[^g^](#TN9){ref-type="table-fn"}                                                                     \[No data\]
  **Tree shrew**   Layers 3/6 (W cell layers)[^h^](#TN10){ref-type="table-fn"}                                                                         All layers (1--6; X/Y/W cell layers)[^h^](#TN10){ref-type="table-fn"}                                        Layers 1/2/4/5 (X/Y cell layers)[^i^](#TN11){ref-type="table-fn"}                                                                                                    \[No data\]                                                                                              \[No data\]
  **Cat**          Relay cells in layers C1--3 (W cell layers), GABAergic cells[^j^](#TN12){ref-type="table-fn"}^,^[^k^](#TN13){ref-type="table-fn"}   GABAergic cells[^k^](#TN13){ref-type="table-fn"}                                                             Y cells in layers A and C[^l^](#TN14){ref-type="table-fn"}                                                                                                           Subset of SMI32(+) cells in Y cell layers (A and C), GABAergic cells[^m^](#TN15){ref-type="table-fn"}    Y cells in layers A and C[^n^](#TN16){ref-type="table-fn"}
  **Primate**      Relay cells in S layer and interlaminar zones (K cell layers)[^o^](#TN17){ref-type="table-fn"}                                      Relay cells in P/M layers, S layer and interlaminar zones (K cell layers)[^o^](#TN17){ref-type="table-fn"}   More in M layers than in P layers[^p--s^](#TN18 TN19 TN20 TN21){ref-type="table-fn"}, diffuse label in new world P layers[^r--s^](#TN20 TN21){ref-type="table-fn"}   More in M layers than in P layers[^r^](#TN20){ref-type="table-fn"}^,^[^s^](#TN21){ref-type="table-fn"}   More in M layers than in other layers[^t--v^](#TN22 TN23 TN24){ref-type="table-fn"}

Relay cells in the W/K cell layers express calbindin in all examined mammals. The expression of proteins labeled by anti-parvalbumin, Cat-301, WFA, and SMI-32 varies from species to species. References:

this study;

Grubb and Thompson ([@B13]);

Jaubert-Miazza et al. ([@B25a]);

Celio ([@B5]);

Okoyama and Moriizumi ([@B33]);

Hendry et al. ([@B19]);

Seeger et al. ([@B38]);

Diamond et al. ([@B9]);

Jain et al. ([@B25]);

Wilson et al. ([@B50]);

Demeulemeester et al. ([@B8]);

Hockfield and Sur ([@B21]);

Bickford et al. ([@B3]);

Bickford et al. ([@B3]);

Jones and Hendry ([@B27]);

Hendry et al. ([@B18]);

Hendry et al. ([@B19]);

Preuss et al. ([@B34]);

Gray et al. ([@B12]);

Gutierrez et al. ([@B14]);

Chaudhuri et al. ([@B6]);

Soares et al. ([@B40]).

The relationship between functional cell classes and parvalbumin is less clear. The laminar expression pattern of parvalbumin suggests that it is unlikely to be a general marker for X cells or Y cells in squirrel. If X and Y cells are truly segregated into layers 1/2 and layers 3abc, as suggested by our physiological study (Van Hooser et al., [@B47]), then the 88% of cells in layers 1/2 thought to be X cells do not correspond well to the 50.5% of relay cells that exhibit parvalbumin expression. It is also possible that there may be some Y cells in layers 1/2; if so, these cells probably correspond to the 20% of layer 1/2 cells with transient responses, which also does not match the percentage of parvalbumin-positive cells.

Given the remarkable homogeneity of receptive field properties in layers 1/2, it is surprising that parvalbumin is expressed in only a subset of these cells. This is apparently not the case in macaque monkey (Jones and Hendry, [@B27]) and bush baby (Johnson and Casagrande, [@B26]), where a large majority of confirmed relay neurons in the P and M layers express parvalbumin. Of all the physiological properties listed in Table [1](#T1){ref-type="table"}, only the percentage of ON-center and OFF-center cells roughly match the percentage of parvalbumin-positive LGN neurons. It is possible that in squirrel parvalbumin is expressed in either the ON-center or OFF-center types of both X-type and Y-type cells. Alternatively, there may be differences among layer 1/2 cells that were not revealed by our study of receptive field properties. Recent recordings in cat LGN revealed that some receptive field properties of Y cells in the A laminae differ from Y cells in the C layers, suggesting that there are at least two distinct classes of Y cells (Yeh et al., [@B52]). It is possible that other known LGN cell classes also comprise more than one cell-type.

The pattern of parvalbumin expression varies from species to species, and only primates, tree shrews, and squirrels appear to exhibit robust parvalbumin expression in relay cells (see Table [2](#T2){ref-type="table"}). In these species, parvalbumin expression is restricted to projection neurons found in layers that contain X/P and Y/M cells. It is possible that the presence of parvalbumin expression is more common in diurnal animals than nocturnal animals. With the exception of the prosimian galago, each of these species exhibits diurnal visual behavior and possesses cone-dominated retinas (West and Dowling, [@B49]; Wässle and Riemann, [@B48]; Long and Fisher, [@B31]; Immel and Fisher, [@B23]). The absence of parvalbumin expression by projection neurons in mouse, rat, and cat LGN is also consistent with a relationship between parvalbumin and diurnal vision. These latter species are either nocturnal or crepuscular and possess rod-dominated retinas suitable for visually guided behavior in low-light conditions (Wässle and Riemann, [@B48]; Sterling, [@B41]). Additionally, an examination of data from Euarchontoglires---the branch of Boreoeutherians including primates, tree shrews, and rodents---raises the possibility that the common ancestor for this lineage did express parvalbumin in its LGN neurons, but that in the recent evolution of murid rodents (rats and mice) parvalbumin expression in the LGN was lost.

Experiments with the antibodies Cat-301 and SMI-32 were unable to further differentiate the molecular organization of gray squirrel LGN. Cat-301 labels Y/M cells in mammals such as cat (Hockfield and Sur, [@B21]), tree shrew (Jain et al., [@B25]), and Old World monkeys (Hendry et al., [@B19]). The lack of cell-specific Cat-301 binding in gray squirrel LGN is congruent, however, with the absence of the Cat-301 epitope in other rodents, such as rat (Hendry et al., [@B19]). The same is true for cell-specific WFA binding. The absence of WFA-labeled extracellular matrices in gray squirrel LGN is consistent with similar results in rodents such as rat (Seeger et al., [@B38]) and mouse (Bruckner et al., [@B4]), but different from the selective WFA labeling of M cells in the LGNs of both Old World and New World monkeys (Preuss et al., [@B34]; Gray et al., [@B12]).

In conclusion, there is now a growing body of evidence that W/K cells are homologous across species evolved from the Boreoeutherian branch of placental mammals, and that in these animals calbindin expression is an effective marker of this cell population. The invariance of calbindin as a marker for W/K cells is remarkable given the wide range of LGN geometries and laminar locations of W/K cells. Expression patterns of other LGN cell markers vary considerably from species to species. These differences could reflect changes in homologous pathways that underlie the small differences in LGN response properties across mammals, or may indicate that LGN cell classes, although functionally similar, evolved independently.
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